The influence of adipose tissue thickness (ATT) on near-IR spectroscopy (NIRS) measurements in vivo was studied in the human flexor digitorum superficialis muscle at rest and during sustained isometric handgrip exercise. NIRS was used for the quantitative measurement of muscle O 2 consumption (mV c O 2 ) and forearm blood flow (FBF) in 78 healthy subjects. Skinfold thickness ranged from 1.4 to 8.9 mm within the group. Resting mV c O 2 was 0.11p0.04 ml of O 2 :min − 1 :100 g − 1 , and FBF was 1.28p0.82 ml:min − 1 :100 ml − 1 . There was a negative correlation (r lk0.70, P 0.01), indicating a decrease in mV c O 2 with increasing ATT. mV c O 2 in the 10 leanest subjects appeared to be twice as high as that in the 10 subjects with the highest ATT. A poor correlation (r l 0.29, P 0.01) was found between ATT and FBF. The gender difference that we found for mV c O 2 was due to the difference in ATT between female and male subjects. No correlation was found between maximum voluntary contraction and mV c O 2 , nor between maximum voluntary contraction and ATT, indicating that the contraction force did not confound our results. These results show that ATT has a substantial confounding influence on in vivo NIRS measurements, and that it is essential to incorporate this factor into future NIRS muscle studies in order to justify comparisons between different groups. To facilitate such comparisons, upper and lower boundaries for normal values of mV c O 2 and FBF in relation to ATT are presented.
INTRODUCTION
Near-IR spectroscopy (NIRS) is an optical method for the measurement of tissue O # consumption and delivery. NIRS has been used mainly to monitor oxygenation changes in the brain, and to a far lesser extent to study skeletal muscle tissue oxygenation. In the past couple of years, NIRS has become a more accepted technique for the non-invasive determination of local oxygen consumption and blood flow in human skeletal muscle. The advantage of measurement in skeletal muscle is the ability to obtain local information about muscle oxygenation, with the possibility of calculating quantitative values for O # consumption and blood flow using simple physiological interventions such as arterial or venous occlusion [1] [2] [3] [4] [5] [6] [7] [8] . In vivo NIRS measurements in skeletal muscle, however, assess not only the muscle tissue, but also the overlying tissue. Propagation of light within the tissue is complex, as the light travels through multiple layers of non-homogeneous medium. The subcutaneous layer can vary considerably due to individual differences in adipose tissue thickness (ATT), which may confound the NIRS measurements in muscle. The maximum measurement depth of NIRS is thought to be roughly half the distance between source and detector [9, 10] . This means that a thick skin or fat layer prevents a substantial amount of light passing through the muscle tissue. Furthermore, the optical characteristics and, therefore, the path of the light are different in adipose tissue compared with muscle tissue [11] . Since adipose tissue metabolism is lower than muscle metabolism [12] [13] [14] , muscle oxygen consumption (mV c O # ) will be underestimated. Although the problem of the effect of ATT on the interpretation of NIRS measurements is generally accepted, only a few studies have actually investigated this influence. In vivo measurements were performed by Homma et al. [9] , who investigated different sourcedetector distances in relation to ATT. They found that all subjects showed deoxygenation during exercise with a source-detector distance of 30 mm, whereas only the subjects with low ATT showed deoxygenation with a source-detector distance of 20 mm. This suggests that the light did not penetrate deeply enough to reach the active muscle tissue in the subjects with a higher ATT. In other studies, mathematical models including two, three or four different tissue layers were used to investigate the influence of ATT on the propagation of near-IR light, thus simulating NIRS measurements [11, 15, 16] . These simulations revealed a decrease in sensitivity with increasing ATT. Subsequently, a small number of in vivo NIRS measurements were carried out to verify the simulated effect of ATT, and these showed good agreement with the theoretical results. Both Yamamoto et al. [16] and Matsushita et al. [11] suggested mathematical corrections, but these are not widely applicable because of differences in available NIRS systems and techniques employed. Based on the small number of in vivo measurements, the real in vivo effect of ATT on NIRS measurements remains uncertain. Furthermore, it is not known whether the effect of ATT on NIRS measurements is different for male and female subjects, which might be expected because of the different amounts of adipose tissue in the two sexes. Moreover, it is not known whether the effect of ATT on NIRS measurements changes during exercise. Thus far, attention has been focused on oxygen consumption, while nothing has been reported with regard to the influence of ATT on the measurement of blood flow by NIRS.
Therefore the aim of the present study was to determine the influence of ATT on the quantitative in vivo measurement of local mV c O # and forearm blood flow (FBF) in a large group of healthy subjects, and to investigate whether this influence is also present during exercise or is affected by gender differences.
METHODS

Subjects
A total of 78 healthy volunteers (34 female, 44 male) participated in the study. The study was approved by the Faculty Ethics Committee, and all subjects gave their written informed consent. The mean (pS.D.) characteristics of the subjects were : age, 28.2p12.5 years ; height, 177.6p9.0 cm ; weight, 71.6p11.4 kg. Four of the subjects were on medication that, to our knowledge, does not affect muscle peripheral circulation. Skinfold thickness was measured between the NIRS optodes using a skinfold caliper (Holtain Ltd., Crymmych, U.K.), and was divided by 2 to determine the ATT (lfatjskin layer) covering the muscle. All but six of the subjects were right-handed. Although none of the subjects had consumed a large meal, the metabolic state of the subjects might have differed slightly within the group.
NIRS measurements
NIRS is based on the relative transparency of tissue to light in the near-IR region, and on the oxygen-dependent absorption changes of haemoglobin (Hb) and myoglobin (Mb). Using a continuous-wave near-IR spectrophotometer (OXYMON ; University of Nijmegen, Nijmegen, The Netherlands) that generates light at 905, 850 and 770 nm [17] , it is possible to differentiate between oxyand deoxy-Hb\Mb (O #
Hb\O
#
Mb and HHb\HMb respectively). Due to the overlap of the spectrum, it is not possible to distinguish between changes in Hb and Mb. Although there is no consensus about whether the NIRS signal originates mainly from Hb [18] [19] [20] or from a combination of Hb and Mb [21] [22] [23] , this does not affect our results, since we were interested in the amount of O # consumed, irrespective of whether it was supplied by Hb or Mb. The absorption changes at the discrete wavelengths are converted into concentration changes of O # Hb and HHb using a modified Lambert-Beer law into which a path-length factor is incorporated to correct for scattering of photons in the tissue. Although gender differences in differential path-length factor have been reported [24] [25] [26] [27] , we used a fixed factor of 4.0 for the calculation of absolute concentration changes. NIRS measurements were carried out on top of the flexor digitorum superficialis muscle, with an interoptode distance of 35 mm. Data were sampled at 10 Hz, displayed in real time and stored on disk for off-line analysis.
Experimental protocol
All tests were performed at a room temperature of approx. 21 mC. The subject was seated for 15-20 min prior to the test. The right hand rested on a handgrip dynamometer, with the upper arm at heart level and the forearm placed at an upward angle of 30 m to avoid venous pooling of the blood. The arm was supported at the wrist and above the elbow to prevent contact between forearm and dynamometer, assuming completely unrestricted circulation in the forearm. The maximum voluntary contraction (MVC) force of the subject was determined before the test. A pneumatic cuff was placed around the upper arm in order to apply venous or arterial occlusion.
After placement of the instruments, the experiment started with a 5 min rest period, followed by three venous occlusions (50 mmHg) and three arterial occlusions (260 mmHg). Venous occlusions lasted 30 s and were separated by 1 min recovery periods. Arterial occlusions lasted 45 s and were separated by 5 min recovery periods.
After 5 min of recovery, which allowed the NIRS signals to return to baseline values, the subject was asked to perform sustained isometric handgrip exercise at 10 % of MVC. After 1 min of exercise, when NIRS signals had reached a steady state, arterial occlusion was applied by rapid inflation of the arm cuff while exercise was maintained. Cuff inflation was kept at 260 mmHg for 45 s, and released simultaneously with the end of exercise. When all signals had returned to pre-exercise levels, a second and a third exercise session were performed at 20 % and 30 % of MVC respectively. [4, 28] . The linear increase in the concentration changes within the first seconds of the 20 s occlusion was used for the calculation of FBF. Concentration changes of tHb were expressed in µM:s −" , and converted into units of ml:min −" :100 ml −" using an average Hb concentration of 7.5 mmol\l for female subjects and 8.5 mmol\l for male subjects. The molecular mass of Hb (64.458 g:mol −" ) and the molecular ratio between Hb and O # (1 : 4) were taken into account. FBF during rest was calculated as the average during the three venous occlusions.
Forearm measurements
FBF
was measured by NIRS using arterial occlusion, by evaluating the rate of decrease in [ [4] . Concentration changes of Hb diff were expressed in µM:s −" , and converted into units of ml O # :min −" : 100 g −" . A value of 1.04 kg\l was used for skeletal muscle density [29] . mV c O # during rest was calculated as the average during the three arterial occlusions.
Statistics
A Shapiro-Wilk test was used to test all variables for normality (P 0.01). Logarithmic transformation was applied on variables that failed the normality test. A coefficient of variation [(S.D.\mean):100] was calculated to test the reproducibility of NIRS variables during rest. Statistical differences between rest and exercise and between genders were tested by means of Student's paired t-test. A Spearman correlation test was used to test the correlation between NIRS variables and log (ATT). All data are reported as meanspS.D. The level of statistical significance was set at P 0.05.
RESULTS
ATT had a mean (pS.D.) value of 3.7p1.9 mm, with a range of 1.4-8.9 mm. As expected, ATT did not have a normal distribution within our subject group (Figure 1 ATT is defined as skinfold thickness/2. Data from male and female subjects are presented as stacked bars. 
Correlations between ATT and NIRS variables
Correlation coefficients for the relationships between NIRS variables and ATT are shown in Table 2 Table 2) . A weak correlation was found between ATT and FBF at rest ( Figure 2B ).
Gender differences
NIRS data for female and male subjects are shown in Table 3 . No differences were found in FBF values between female and male subjects. However, gender differences were present for mV c O # both at rest and during exercise. Overall, female subjects had lower mV c O # values than males. The difference between the two sexes became more pronounced during exercise : female subjects showed no further increase after 20 % MVC, while mV c O # in male subjects continued to increase at 30 % MVC.
DISCUSSION
The main finding of this study was a major decrease in mVO # with increasing ATT (Figure 2A ). The 10 subjects with the highest values for ATT (ATT 6.7 mm) had a mV c O # that was 2.7 times lower (P 0.01) than the mV c O # Figure 3 Simplified schematic presentation of NIRS light penetration in relation to ATT (jskin) and muscle tissue in our subject with the greatest ATT (8.9 mm) and in our leanest subject (ATT l 1.4 mm)
The model does not take into account the different light-scattering properties of fat and muscle. The light travels in a ' banana shape ' form from source to detector, and the maximum penetration depth is roughly half the interoptode distance. Approx. 49 % of the measurement depth (17.5 mm) in our subject with the largest ATT comprises muscle tissue, while this value was 92 % for our leanest subject.
in the 10 leanest subjects (ATT 1.8 mm). Less clear was the relationship between FBF and ATT. Although the correlation was weak, FBF was more than twice as high in the 10 subjects with the highest values for ATT as compared with that in the 10 leanest subjects (P 0.01).
To our knowledge, this is the first time that the influence of ATT on NIRS has been quantified in vivo using a large subject population. Our findings show that it is of utmost importance that the ATT is known and is incorporated into the analysis of NIRS measurements in muscle tissue and where comparison between subjects with varying ATT values is involved.
The maximum measurement depth of NIRS is thought to be roughly half the distance between source and detector [9, 10] . For an interoptode distance of 35 mm the light will, therefore, penetrate approx. 18 mm into the tissue. Hypothetically, when ATT is small, the contribution of light passing through adipose tissue will be minimal. When ATT is large, however, a substantial amount of light will pass through adipose tissue only, instead of through muscle tissue. A simple calculation using our data shows that 92 % of the measurement depth in our leanest subject (1.4 mm ATT) comprised muscle tissue, while this value was only 49 % for our subject with the greatest ATT (8.9 mm) (Figure 3 ). This means that the amount of light penetrating muscle tissue will be far less in the subject with the high ATT than in the subject with the low ATT. Taking into account the complexity of the propagation of light within the tissue, the differences between subjects might become more pronounced [11] . mV c O # measured by NIRS will be underestimated as ATT increases, due to the mixture of consumption originating from muscle and adipose tissue, since adipose tissue is believed to have a low O # consumption [12] [13] [14] 30] . When compared with muscle tissue, both O # consumption [12] and O # extraction [12, 14, 31] values between the two studies might be an overestimation of muscle blood flow due to the plethysmographic flow method used by Coppack et al. [12] . Plethysmographic flow reflects total FBF, including flow originating from adipose tissue and skin. Since adipose tissue blood flow appears to be greater than muscle blood flow [12, 32] , plethysmographic flow measurement will lead to an overestimation when used to represent muscle blood flow. As has been shown in other NIRS studies [7, 28] , flow measured by plethysmography was 2-3 times higher than the local muscle blood flow measured by NIRS.
Another contribution to the lower mV c O # that we found in our study might be a difference in body composition. As Coppack et al. [12] tested seven subjects with a maximum whole-body fat content of 28 %, their population was most probably much leaner than ours, since we included a wide range of skinfold thicknesses.
Therefore our group mean for mV c O # will be underestimated.
Our in vivo investigation shows clearly that mV c O # measured by NIRS will be underestimated when ATT increases. These findings are supported by the decreased sensitivity found with increasing ATT in mathematical simulations [11, 15, 16] . In an earlier study by Yamamoto et al. [33] , a decrease of 50 % in absorbance was reported when the thickness of the fat layer increased from 5 to 10 mm, with a decrease of 25 % when fat layer thickness increased from 2.5 to 5 mm. Niwayama et al. [15] found a similar decrease of 50 %, but did not specify the range of ATT that caused this decrease. Based on Figure 2 Furthermore, with these data it is now possible to compare subjects with different ATT values, by normalizing the data using the equation of the regression line. When we included other data from our laboratory and the converted data from the studies of Binzoni et al. [34] (skinfold thickness divided by 2), Niwayama et al. [15] and Yamamoto et al. [16] , practically all data points fell within the reference ranges from our data set (Figure 4) . Although the units used in the study of Yamamoto et al. [16] were not specified, the rate of decrease in absorbance
Hb] as a function of ATT is comparable with our results. Half of the data points from the study of Niwayama et al. [15] fell just outside the upper reference line, but still confirmed the relationship between ATT and mV c O #
. The same trend of a decrease in mV c O # with increasing ATT was still present during exercise, but the correlation decreased due to an overall increase in variability.
In contrast with the clear correlation between ATT and mV c O #
, there was only a weak relationship between ATT and FBF. This weak correlation was inverse, such that FBF increased with increasing ATT. This is in agreement with Coppack et al. [12, 32] , who found a higher blood flow in adipose tissue as compared with that in muscle in two separate studies. Skin vascularization can be abundant and might, therefore, increase the confounding effect. However, interference by skin blood flow with NIRS measurements is thought to be negligible ( 5 %) when source and detector are seperated by more than 20 mm [35] .
Although none of our subjects had consumed a large meal before the test, we did not take the metabolic state of each individual subject into account because of practical limitations. It has been found that subcutaneous adipose tissue blood flow increased within 30 min after a mixed meal [12] or a glucose load [30] , but a slight decline after a glucose infusion has also been reported [32] . For FBF, there is little or no effect after a mixed meal [12, 32] . Data from the present study ($) are shown, along with data from other studies in our laboratory (n l 27 ; grey circles) and from Binzoni et al. [34] (5) increased after a meal, but to a smaller extent than in adipose tissue [12] . Although the postprandial effects described in these studies are based on responses after long, non-physiological fasting times, the effect of food intake on adipose tissue, and to a lesser extent on muscle tissue, might still be substantial. In this light, our mV c O #
and FBF values might be slightly biased. However, since the aim of our study was to investigate the influence of ATT on NIRS measurements, postprandial effects would not change our findings, but are likely to result chiefly in slightly higher variability within the group.
The present study also demonstrated differences between female and male subjects. Unlike FBF, all mV c O # values were significantly lower in female than in male subjects (Table 3) . Furthermore, apart from the expected gender differences such as height and weight, we also found significant differences in ATT and MVC between the sexes. ATT in female subjects was 5.2p1.9 mm, significantly greater than that in male subjects (2.5p0.8 mm). As can be seen in Figure 2 (A), there is a distinct separation of female and male subjects based on ATT, with very little overlap. Therefore we conclude that the difference in mV c O # found between the sexes can be explained by the difference in ATT. This is supported by the different values for the differential path-length factor that have been found for men and women in several studies [24] [25] [26] .
During exercise, mV c O # might also be influenced by the contraction force. MVC force in female subjects was 374p62 N, significantly lower than that in male subjects (537p100 N). Since MVC and mV c O # were both lower in female subjects, MVC can theoretically be considered as another potential confounding influence on the measurement of mV c O # during exercise, as less absolute force produced might result in lower mV c O # . However, this is not likely, because no correlation was found between MVC and mV c O # in male subjects (r lk0.01, P l 0.96) or in female subjects (r lk0.09, P l 0.57). In addition, no correlation was found between MVC and ATT in female subjects (r l 0.09, P l 0.60) or in male subjects (r l 0.16, P l 0.31).
In conclusion, the present results suggest that ATT is a substantial confounding influence on in vivo NIRS measurements, and that it is essential to incorporate this factor in future NIRS muscle studies, in order to fully exploit the possibilities of NIRS and to justify comparisons between different groups.
